Irradiation of cuprate high-T c superconductors with light ions of moderate energy creates point defects that lead to a reduction or full suppression of the critical temperature. By shaping the ion flux with a stencil mask, nanostructures for emerging superconducting electronics can be fabricated. The 3-dimensional shape of such defect landscapes is examined, based on calculations of full collision cascades and atom displacements. A relation between the calculated defect density and experimental values of the critical temperature T c in thin YBa 2 Cu 3 O 7−δ films is etablished that allows to determine the distribution of local T c 's and its 3-dimensional visualization. The results confirm that, using 75 keV He + ion irradiation and a stencil mask, well-defined patterns of non-superconducting material in the superconducting matrix can be produced with low blurring.
Introduction
The cuprate high-T c superconductors (HTSCs) are an important class of materials for both fundamental science research, as well as novel technological applications. Obviously, a primary reason is the rather high critical temperature T c , which allows to operate such devices with reliable and easy-to-handle cryocooler technology. The well-known applications of almost lossless energy transport in superconducting cables and the creation of intense magnetic fields by superconducting coils require high critical current densities [1] that can be achieved for instance by inclusion of nanoparticles [2] to increase flux pinning. On the other hand, possible applications of HTSCs in superconducting circuits and devices for novel quantum technologies [3, 4] do not require high critical currents but instead advanced nanostructuring methods to pattern thin films of HTSCs. However, the anisotropic layered structure and the brittle nature of HTSCs pose severe constraints to conventional micro-and nanopatterning methods.
But it is exactly the complex crystal structure of HTSCs that allow for an intriguing and unconventional nanopatterning method. In the prototypical HTSC YBa 2 Cu 3 O 7−δ (YBCO), oxygen is situated at several different atomic positions. Whereas the oxygen atoms in the CuO 2 planes that carry the supercurrent have a binding energy of about 8.4 eV [5] , the oxygen atoms in the CuO chains are bound by only about 1 eV [6] . They are also important for superconductivity, because they supply the charge transfer to the CuO 2 planes. For this reason, YBCO is rather sensitive to light-ion irradiation during which the oxygen -and to a lesser extent also the other atoms -are displaced from their sites. The resulting vacancies and interstitials are point defects in an otherwise still intact crystallographic framework. Due to the d-wave symmetry of the superconducting gap in the HTSCs, even minor distortions of the atomic lattice lead to a reduction of T c [7] , in particular when the defects concern the CuO 2 planes [5] . The delicate influence of the oxygen positions in the YBCO structure is for instance illustrated by the observations that T c can be increased again when disordered oxygen is re-ordered by thermal annealing [8] or by optical illumination [9] . Thus, irradiation with light ions is a convenient tool for a controlled modification of the superconducting properties of YBCO [10, 11] .
Nanopatterning using stencil-mask lithography has been applied to several materials and has a number of advantages over other structuring techniques [13, 14] . In combination with the afore-mentioned specific properties of HTSCs, shadowed ion irradiation can be employed to locally modify the superconducting properties. This provides a route to create small nonsuperconducting structures in thin YBCO films that can act as commensurate pinning centers for magnetic flux quanta.
Some of the previous experiments have used a variant of the stencil technique by using a pre-patterned layer of photoresist with etched voids [15, 16, 17, 18] or a deposited metal layer that is patterned by ion beam milling [19, 20] as the ion-blocking material. By irradiating YBCO with 200 keV Ne + [16] or 100 keV O + [17] ions through a 20 nm wide slit in the photoresist the fabrication of Josephson junctions has been demonstrated. However, such procedures lack some of the typical advantages of stencil lithography.
In our approach, a thin Si stencil mask is placed on top of the YBCO film and kept at well-defined distance by a 1.5-µm-thick spacer layer. By this procedure any contact between the surfaces of the mask and the YBCO film is avoided. This masked ion beam direct structuring method (MIBS), sketched in Fig. 1(a) , provides a 1:1 projection of the hole pattern inscribed in the mask, since the ion beam from a commercial implanter is highly collinear and can only reach the YBCO surface through the mask holes. Scanning electron microscopy pictures of a typical mask are presented in Fig. 1(b) . The ion irradiation produces columnar defect-rich regions (CDs) in the sample. A detailed description of MIBS can be found elsewhere [21, 22] . Patterns with linewidths down to 67 nm have been demonstrated [23] .
Ion-irradiation has many advantages for nanopatterning of HTSCs. By adjusting the ion fluence, the T c of the superconductor can be reduced, it can be converted to a normal conductor, or even to an insulator. With the ion's energy the penetration depth can be tuned according to the thickness of the HTSC film. In contrast to chemical etching or ion milling, the surface of the HTSC remains essentially flat after ion irradiation, which avoids deterioration of the superconducting part of the film by out-diffusion of oxygen through the open side faces. It is a severe stability issue when many small structural features would be prepared by removing material.
Using ion irradiation together with stencil lithography avoids any contact with the sample surface, does not require chemical treatment or etching, is a timeeconomic parallel method applicable to large areas, and the mask can be reused many times. Another noncontact method has been recently demonstrated employing a focused He + beam. Josephson junctions in thin YBCO bridges are fabricated by irradiating narrow stripes with the focused 30 keV ion beam of a helium ion microscope that is scanned over the sample surface [24, 25, 26, 27] . Since no mask is used this method offers great flexibility and sub-10 nm resolution [27] , but can be only applied to very thin HTSC films due to penetration depth limitations of the available ion energy.
Using MIBS with a 75 keV He + ion beam with a fluence of 3 × 10 15 cm −2 , supplied by a commercial ion implanter, a square array of CDs with lattice constant d = (302 ± 2) nm was patterned into a (210 ± 10) nm thick YBCO film on a MgO substrate. The thin Si stencil mask (custom fabricated with e-beam lithography by ims-chips, Germany) was perforated with a square array of about 670 × 270 holes with diameters D = (180 ± 5) nm and covered the entire sample area used for the electrical measurements. Marker holes in the stencil mask were used to align the hole array in an optical microscope parallel to the YBCO bridge with a deviation of less than 0.3
• . Details of the fabrication method have been reported elsewhere [22] .
The desired local suppression of T c in thin YBCO films can be demonstrated by commensurability effects of magnetic flux quanta φ 0 = h/(2e), where h is the Planck constant and e the electron charge, the so-called fluxons or vortices [12] . At the matching field B m = φ 0 /d 2 exactly one fluxon is trapped in every CD which leads to a peak in the critical current as shown in Fig. 2 . Besides this n = 1 peak, it is possible to observe peaks when a larger number n of fluxons are trapped in every CD, or when no magnetic field is present (n = 0). Since the matching field B m is solely determined by the density of CDs, the peak in the critical current at B m provides direct evidence of the commensurate trapping of fluxons in the irradiated areas. Details on the observation of fluxon commensurability effects in the critical current of YBCO films, patterned with artificial defects by MIBS, are reported elsewhere [12] . In addition, an unconventional critical state [22] and a sign change of the Hall effect [28] have been observed in such samples.
Although it is well established that fluxons can be trapped by regions in which superconductivity is suppressed, little is known about the 3-dimensional (3D) profile of the local critical temperature T c in and around CDs fabricated by ion irradiation. The evaluation of the shape of the irradiated columns and the possible blurring with increasing depth is important for an in-depth 
Figure 2: Critical current of a YBCO sample, nanopatterned with a square array of defect columns by MIBS, as a function of the applied magnetic field B. Each individual datum was measured after in-field cooling from above T c to 35 K to achieve the ground state of the vortex arrangement. The inset shows a sketch of the magnetic field profile at the matching field B m = 22.6 mT, corresponding to the n = 1 peak of the critical current, where every defect column is occupied by one flux quantum φ 0 . The current is aligned parallel to the defect rows. Data taken from [22] .
understanding of the experimental results. In this paper, we present simulations of defect cascades after ion irradiation through a stencil mask and an assessment of the resulting local T c variation by comparing the calculated defect density to experimental data.
Methods
The defects caused by the impact of ions onto the surface of the superconductor are calculated with the program "Transport of Ions in Matter" (TRIM) [29] , which is part of the package "The Stopping and Range of Ions in Matter" (SRIM) [30] . It can compute the impact of ions on solids using a binary collision approximation of ion-atom and atom-atom collisions, providing the energy loss and final spatial distribution of ions, and, most importantly, the full collision cascades. It is based on approximations to quantum mechanical screened interaction potentials and a statistical Monte Carlo algorithm to compute nuclear and electronic stopping crosssections in amorphous targets. However, ion channeling, thermal effects, diffusion and recrystallization are not considered.
Our simulations were performed with the Monolayer Collision Steps method to force a calculation of ionatom interaction and full interatomic collision cascades in each target layer, thus disabling the free-flight-path approximation. To enable comparison with our previous experimental results, the incident ion species is He + with an energy of 75 keV and a direction orthogonal to the sample surface. The density of the YBCO target layer is set to 6.3 g cm −3 [31] with the number of compound atoms according to their stoichiometric Since SRIM uses a Monte-Carlo method on an amorphous target structure, details of the elementary cell are not resolved and, thus, the various defects are counted in cells of 2 × 2 × 2 nm 3 -a size that roughly corresponds to the in-plane Ginzburg-Landau coherence length of YBCO. The results are then converted to commonly used defects per atom (dpa) values considering the YBCO's crystal structure. In our samples, the CDs form a square array of CDs (CDA) with 300 nm lattice constant. If an ion trajectory leaves the CDA unit cell and, thus, produces defects in the neighboring CD, it is mapped back to the primary unit cell for proper visualization.
Results and discussion
The fluence of He + ions at various depths of a 200-nm-thick YBCO film is presented in Fig. 3 . With increasing depth, the ions are multiply deflected from their previous trajectories, which leads to a blurring effect and to a change from the homogeneous fluence at the top of the sample to a peaked distribution towards the bottom. At first sight, this straggling of ion trajectories and the resulting reduction of their fluence seems to impede the envisaged applications.
However, for the calculation of the local dpa values not only the ion trajectories but also the full collision cascades resulting from the knock-ons of target atoms have to be considered. The resulting dpa profile is shown in Fig. 4 for various depths and in a crosssectional view. Surprisingly, the defect density is lowest near the sample surface that is subjected to the ion beam and gradually increases with depth as reported before [11] . This is a direct consequence of the increasing number of additional collision cascades originating from knocked-on target atoms. The dpa profile near the bottom of the sample is also somewhat blurred, but as can be seen in Fig. 4(b) the CD is well formed over the entire depth and its diameter increases by about 20 nm.
Several mechanisms have to be considered for understanding the depth dependence of the dpa values. On the one hand, the dpa increase due to accumulation of recoil cascades. Assuming a constant ion fluence and negligible backscattering of ions and impinged target atoms, the collision cascades originating from primary recoil atoms create a plume of defects around their trajectory, but also trigger secondary collision cascades by hitting other atoms, and so on. Thus, the density of collision cascades increases with depth, in particular at the center of the irradiated area. Additionally, the ions lose energy with depth due to electronic stopping, i.e., target ionization. With reduced energy the nuclear stopping cross-section of ions increases and so does the number of created defects. All these processes cause an increase of dpa with depth. On the other hand, the ion fluence decreases with depth, as can be seen in Fig. 3 , which counteracts the increase of dpa. In samples with a larger thickness than those studied here, this would eventually lead to the implantation of ions, the reduction of dpa, and finally, limiting the defect creation process at some depth. For most applications this is not acceptable and, hence, the ion energy must be high enough to ensure (almost) full penetration of the sample. By choosing ion energy and fluence the defect profile can be adjusted with the constraints that higher energy requires higher fluence to achieve the same dpa, but in turn provides larger penetration depth.
The main aim of this paper is to estimate the 3-dimensional T c profile within and around the CDs. To this end the defect density from the SRIM simulation has to be correlated with experimental T c data. The issue that the simulated dpa values are expected to be higher than those in the real system, since several processes for defect annihilation are not considered in SRIM, can be overcome by mapping the simulation data to experimental T c-onset results from our previous work on full-area irradiation of thin YBCO films with 75 keV He + ions [10] shown in Fig. 5 . T c-onset marks the temperature above which the entire sample is in the normal state.
The reduction of T c with increasing point defect den- sity can be modeled by the pair-breaking theory of Abrikosov and Gor'kov [33] . Although devised for magnetic impurities, the theory can be also used to describe the situation in HTSCs, where non-magnetic point defects can break up superconducting pairs due to the d-wave symmetry of the superconducting gap [34, 5, 35] . The normalized T c-onset /T 0 , where T 0 = 90 K is the critical temperature of the non-irradiated superconducting film, can be expressed as a function of the pair-breaking scattering time τ p [5] ln
where Ψ is the digamma function, C a constant of dimension K·s and τ p is inversely proportional to the defect density expressed in dpa. In Fig. 6 the relation between the experimentally determined T c-onset values and the defect density obtained from the simulations is presented. T c-onset is determined by the layer in the sample with the lowest defect density and, thus, the highest local T c . Since the dpa vary with the depth in the sample, as illustrated in Fig. 4(b) , it makes a difference where the dpa value is determined. The previous findings indicate that the dpa is lowest near the surface of the sample, but in the experiments it has also to be considered that a top layer of a few nm thickness is deteriorated by ambient influences. It is therefore reasonable to average the dpa in a slice from 10 nm to 22 nm depth, which corresponds to a thickness of about 10 unit cells of YBCO. As can be noted in Fig. 6 this choice is not critical, as long as the upper part of the sample is used. The qualitative variation of T c-onset with dpa is similar to results obtained with 190 keV He + irradiation [36, 34] . As found in other studies with different irradiation parameters [5, 34] the dependence of T c-onset with defect density roughly follows Eq. (1) with minor deviations near T c-onset → T 0 and T c-onset → 0. For this reason and the complexity of the implicit Eq. (1) we use a fit to the data for further interpolation, shown as a dashed line in Fig. 6 , using T 0 = 90 K and the fixed constraint of going through the point (0, 90 K). With this function the local T c can be calculated from the 3D defect profiles in Fig. 5 . The results are shown in Fig. 7 as lateral T c profiles at various depths and as a crosssectional view. When comparing the profiles of defects and local T c in the sample, it is remarkable that, even at the bottom of the sample, the region of suppressed superconductivity shows only marginal blurring and reproduces the shape of the incident ion irradiation well. Fig. 7(b) demonstrates that the channel of suppressed T c has rather sharp fringes and only marginally widens up with depth. Ideally, for experiments YBCO films with a thickness of only about 100 nm should be used or, alternatively the ion energy and consequently their fluence should be increased. These findings confirm the previous experimental results that indeed irradiation of YBCO with moderate-energy He + ions through a stencil mask allows for the fabrication of well defined 3D landscapes of the superconducting order parameter.
Conclusions
The 3D profile of the local critical temperature in a cuprate high-T c superconductor that was nano-patterned by ion irradiation has been examined. The interaction of 75 keV He + ions with a thin film of YBCO leads to displacements of mainly the oxygen atoms and creates point defects in the material. These defects cause a suppression of superconductivity and are deduced from simulations of the collision cascades with the program package SRIM/TRIM. Using previous experimental results for calibration we obtain a relation between the simulated defect density and the experimental T c-onset . With these ingredients, the 3D pattern of the local T c in thin YBCO films can be visualized. It is found that masked ion irradiation through a stencil mask produces well-defined areas of suppressed T c with a lateral shape corresponding to the mask's holes with a resolution in the order of 10 nm. This structure persists up to 200 nm in depth with surprisingly low blurring. The present results support previous experimental findings of pronounced fluxon trapping effects that are caused by the particular T c landscape. Since ion irradiation through a stencil mask is a convenient fabrication method, our results support its potential usefulness for future quantum devices based on HTSCs.
